Abstract Ar/CH3OH and Ar/N2/CH3OH plasma jets were generated at atmospheric pressure by dual-frequency excitations. Two different cases were studied with focus laid on the generation of CN radicals. In one case Ar gas passed through a bubbler with saturated methanol steam but without addition of N2 (Ar/CH3OH plasma). In the other case N2 passed through the bubbler with saturated methanol steam (Ar/N2/CH3OH plasma). The optical emission lines of CN radicals have been observed in these two cases of plasma discharges. The addition of N2 can significantly increase the optical emission intensity of CN bands.
Introduction
Atmospheric pressure plasma jets (APPJs) are of great interest because of their high potential for new plasma applications without the need of expensive vacuum system. The APPJs have the capability of delivering a unique reactive chemistry at room temperature to delicate surfaces. Many different kinds of APPJs have been developed by using DC power supply [1] as well as with sine wave excitations in the kilohertz to megahertz range [2−4] . With improved understanding of these devices, there is potential to control defined compositions of reactive species for surface modifications and materials processing [5−7] , bio-medical applications [8−13] , and the deposition of thin films [14−18] .
In recent years, various carbonaceous nanomaterials have been deposited by using methane (CH 4 ), acetylene (C 2 H 2 ), octafluorocyclobutane (c-C 4 F 8 ) and octafluoropropane (C 3 F 8 ) at atmospheric pressure [15, 17] . Methanol (CH 3 OH) is rich in carbon and cheaper than other carbonaceous gases. If diverse carbon nanomaterials can be conveniently and cost-effectively synthesized using methanol as carbon-based molecules by APPJ method, it will be a promising way in practical applications. The characteristics of methanol plasma discharge therefore need to be studied at atmospheric pressure.
Ordinarily, high plasma density can be obtained by using radio-frequency (RF, MHz) discharges, which implies that RF plasma has active reaction chemistry and high efficiency of plasma treatment. However, the millimeter scale plume length of RF plasma jet means that the RF discharge would be limited near the electrode and the actual operation is not convenient. Relatively long plasma plume of low-frequency (LF, kHz) plasma offer the advantage of transporting plasma species to substrates for diverse applications. Dual-frequency APPJs which exhibit the advantages of both LF and RF plasma have been studied in recent years [19, 20] . In this paper, an atmospheric pressure Ar/CH 3 OH and Ar/N 2 /CH 3 OH plasma jet generated with the dualfrequency excitations is investigated using optical emission spectroscopy (OES). The dual-frequency plasma jet device can achieve longer plasma plume and higher plasma density. Fig. 1(a) shows schematic of the Ar/CH 3 OH and Ar/N 2 /CH 3 OH plasma jet device at atmospheric pressure. The discharge is generated in a quartz syringe and the inner and outer diameters are 2 mm and 4 mm, respectively. The central electrode is a copper pin of 2 mm diameter, powered by a LF (50 kHz) power source (CORONA Lab CTP-2000K). A 1 cm wide of copper ring electrode wrapped around the outside of the quartz syringe near the tube nozzle (5 mm) is powered by a RF (2 MHz) power source (rishige RSGK100) through a matching network. The distance between copper pin and copper ring is 2 mm. The root-meansquare (rms) values of the applied voltages of RF and LF are acquired using a high voltage probe (Tektronix P6015). The voltage signals are recorded by a digital oscilloscope (Tektronix TDS 3052C). The plasma optical emission spectra from 200 nm to 1000 nm are measured by a multi-channel spectrometer (Avaspec-2048-8) with resolution from 0.05 nm to 0.13 nm. An optical fiber is used to collect the emission light, which is perpendicular to the axis of the plasma jet at the nozzle. The rms values of the applied voltages of RF and LF are respectively kept constant at 700 V and 1000 V in all experiments. Two gas mass flow controllers are used to control the gas flow. A bubbling system with methanol (99.5%) is applied to adjust the methanol steam content in the system. Control of methanol content in the device is achieved with the mixture of two gas flows, one (F 1 ) is saturated gas with methanol steam when pure argon or nitrogen bubbles through liquid methanol, the other one (F 2 ) is pure argon. We have Antoine equation
Experimental setup
where P is saturated vapor pressure (kPa), A, B and C are Antoine constants (16.5723, 3626.55, −34.29) , t is temperature (K). At room temperature (294 K), the saturated methanol vapor pressure is 135.99×10 −3 bar. The methanol flow F m after the bubbler is given by:
The partial pressure of methanol in the gas mixtures is then:
The content of methanol could be obtained from its partial pressure. For example, the content of methanol is about 2938 ppm (partial pressure: 2.938 × 10 −3 bar) when the gas flow F 1 is 56 sccm (standard cubic centimeter per minute) and the gas flow F 2 is 2.944 slm (standard liters per minute). The total gas (F 1 +F 2 ) is fed into the quartz syringe with a flow rate of 3 slm in all measurements. The methanol is varied from 0 ppm to 9340 ppm by changing the gas flow (0 sccm to 178 sccm) passing through the bubbler. Fig. 1(b) shows an image of dual-frequency APPJ captured by a digital camera. The plasma jet was generated in the open air. We also tried the single-frequency LF or RF discharge. The radicals' emission intensities of LF plasma are weaker than that of RF discharge, but the plume length is longer than RF discharge. With the RF discharge, the plasma is limited in the vicinity of the tip of copper pin (in this case the central electrode is connected with the RF power source) when only a small amount of methanol is added, and cannot provide a plasma plume outside of the nozzle. The dual-frequency plasma has the advantages of both LF and RF plasmas.
Results and discussion
Optical emission spectra of the plasma jet are presented in Fig. 2 for different contents of methanol. The emitted spectral lines can provide information about the chemical and physical processes that occur in the plasma. The relative intensities were obtained by normalizing the measured optical line intensities to that of Ar line at 696.5 nm. The spectral emission of CN radicals has been observed in the plasma jet, indicating that deposition takes place via a mechanism involving the CN radical [21] . Using methanol as carbon-based species, some spectra lines of carbonaceous species, such as C, CN, CH and C 2 , can be observed in plasma by OES. The Balmer series (656.3 nm) of H lines and the Fulcher band system (580-650 nm) of H 2 can also be observed. N 2 (337.1 nm) and O (777.2 nm) can be observed in the discharge because the plasma was operated in open air. These emission lines have also been observed in plasma of Ar/C 2 H 5 OH mixtures. Because of different intensities, the spectra in Fig. 2 have been separated into two parts (200-600 nm and 600-1000 nm).
The OH emission in Ar plasma originated from the electron dissociation of water molecules from ambient air. Some of OH radicals came from the dissociation of methanol molecules when methanol steam was added. The emission of CN radicals in Ar/CH 3 OH mixtures came from the reaction of hydrocarbon radicals with N 2 molecules from ambient air. The emissions of C, CH and C 2 were due to the dissociation of methanol and some reactions of free radicals. There was no evidence of CO compounds in the spectra that would come from the reaction of hydrocarbon radicals with O 2 molecules from ambient air. Some main excited species identified in the plasma discharge of Ar/CH 3 OH are summarized in Table 1 . An increase of methanol steam content resulted in a decrease of the emission intensity of Ar lines. This can be correlated with a decrease in electron temperature (T e ) at higher methanol content. As can be seen in Fig. 3 , the emission intensity of Ar line 696.5 nm dropped remarkably when methanol steam was added. The addition of molecular species into the plasma discharge of noble gases results in a change in efficiency of energy transfer between electrons and heavy species that causes a reduction in T e [29] . The effect of the presence of molecular gases in a noble gas plasma was also observed when other molecular species were added in the plasma [24, 30] . Fig. 4(a) shows the optical emission intensities of four different carbonaceous species as a function of the methanol content from 0 ppm to 9340 ppm. Emission intensities of these carbonaceous species in the discharge have a nonlinear dependence on methanol content. Maximum emission was observed when the methanol content was about 3163 ppm. The increase of these radicals is due to the dissociation of methanol.
On the other hand, the decrease of these radicals when methanol content is larger than 3163 ppm is due to the quenching effect of molecular species at higher methanol content. A similar result was also found in Ar/C 2 H 5 OH mixtures. Analysis of the relative intensities of the C 2 bands with respect to the C, CN and CH bands shows an interesting phenomenon for Ar/CH 3 OH mixtures. Fig. 4(b) illustrates the variation of emission intensity ratios of C (247.8 nm)/C 2 (516.5 nm), CN (388.3 nm)/C 2 (516.4 nm) and CH (431.3 nm)/C 2 (516.4 nm) as a function of the methanol content. The three curves have similar variation tendency, gradually decreasing with increasing methanol content, indicating that higher methanol content is inclined to create more C 2 radicals. Although the CN emission can be observed in Ar/CH 3 OH mixtures, its emission intensity is low. In the last decade, many works have focused on the study of carbon nitride thin films. In order to observe higher CN emission intensity, nitrogen gas was introduced to the discharge through the F 1 (Fig. 1) , and the results are shown in Fig. 5 . In Fig. 5(a) , the emission intensity of CN can be remarkably increased compared with C, CH and C 2 . This indicates that the methanol and nitrogen gas can be used as carbon and nitrogen source to generate CN species. The emission intensity of CN has a nonlinear dependence on N 2 amount, and the maximum value is at the methanol content of 2938 ppm with 56 sccm of N 2 . It can be seen in Fig. 5(b) that the CN/C 2 intensity ratio has a linear variation trend with the increase of N 2 amount through the bubbler. The result shows that the increase of nitrogen molecule and methanol steam is favorable to generating the CN radicals. We attempted to inject hydrogen into the Ar/CH 3 OH plasma, however, the emission intensity of CH was not strengthened and the emission intensities of all spectral lines were decreased. This means that the CN and CH species are formed via different mechanism. The CN is formed from the reaction of hydrocarbon radicals with N 2 molecules, whereas the CH is formed directly from the fragmentation of methanol. 
Conclusion
The atmospheric pressure plasma jets of Ar/CH 3 OH and Ar/N 2 /CH 3 OH were studied. A bubbling system was used to provide the methanol steam. In Ar/CH 3 OH and Ar/N 2 /CH 3 OH atmospheric pressure plasmas, spectral lines of four excited carbonaceous species, namely, C, CN, CH and C 2 were observed. The influence of CH 3 OH or N 2 content on the radicals has been investigated. For the Ar/CH 3 OH plasma, emission intensities of C, CN, CH and C 2 in the discharge have a nonlinear dependence on methanol content, and the maximum value is about 3163 ppm. The decrease of emission intensities when the methanol content is larger than 3163 ppm is due to the quenching effect of molecular species at higher methanol content. Higher methanol content is inclined to create more C 2 radicals. For the Ar/N 2 /CH 3 OH plasma, the addition of nitrogen can significantly increase the optical emission intensity of CN radicals. Emission intensities of these carbonaceous species have also a nonlinear dependence on N 2 content.
